NTERIOR cervical discectomy and fusion is a common treatment for symptomatic intervertebral cervical spondylosis with and without myeloradiculopathy. 1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [25] [26] [27] [28] [29] [30] [33] [34] [35] [36] 39, 40, [42] [43] [44] 47, 51, 53, 54, 57, 58, 63 Although the results of anterior cervical procedures such as anterior cervical fusion involving single-level and/or intervertebral discectomy and interbody fusion have yielded satisfactory results at the index level of spondylosis, the authors of recent studies have reported moderately high rates of repeated operation to treat adjacent-level disease. 45, [48] [49] [50] 59 Other fusion-associated detrimental effects include a loss of segmental ROM, hardware-related complications, and nonunion. Total-disc arthroplasty or replacement has recently been studied by investigators assessing several implant designs in an attempt to overcome the shortcomings of fusion. 24, 41, 55, 60 Recent advances in material and implant design have enabled the development of a novel implant design, the ProDisc-C (Synthes Spine, Paoli, PA), which follows the principles of providing immediate implant stability, ease and safety of insertion, single-or multisegmental devicerelated capabilities, minimal endplate disruption, and optimization of functional ROM. These principles and design characteristics were prospectively explored in the present investigation.
of greater than 6 months' duration and secondary to intervertebral degenerative disc disease without radicular and/or myelopathic symptoms; and 2) those with persistent radicular symptoms of greater than 2 months' duration with axial neck pain and absent or minimal clinical signs of myelopathy. All patients were between the ages of 18 and 60 years. Exclusionary criteria included pregnancy, rheumatoid arthritis or other inflammatory or connective tissue disorders, prior fracture or fusion, tumor, metabolic or systemic disease, pertinent metallic allergies, posterior facet joint arthropathy, moderate or severe myelopathy, posterior vertebral body-induced spinal cord compression, chronic infections, osteoporosis, and involvement in Workers' Compensation and/or litigation.
Surgery was performed after complete clinical and neuroimaging/radiographic assessments including AP/lateral/ flexion/extension radiography; computerized tomography in the axial, sagittal, and coronal planes, MR imaging, and/ or discography. All procedures were performed by the senior author (R.B.) at a single institution. Bias as to outcome was avoided because patients' responses to questionnaires were used as the primary outcome measurements. Secondary parameters requiring measurements such as disc height of the affected level, adjacent-level disc height, and the degree of motion were performed by a trained technician blinded to the hypothesis of the primary investigators. The data were collected and compiled by an independent technician, blinded to the hypothesis of the primary investigators. After the aforementioned data had been compiled, they were analyzed by an independent examiner who had no interaction with the patients or involvement with the surgical procedures during this study.
Surgical Technique
The surgical approach was consistent throughout the study. The patients were placed supine on a fluoroscopic imaging table with their arms at their sides and shoulders taped to allow for fluoroscopic imaging. After positioning, fluoroscopic images were obtained in AP and lateral planes to determine the level of diseased disc. A standard left-sided approach was undertaken to access the anterior cervical spine. A specialized anterior spinal retractor system, Cervical SynFrame (Synthes Spine), was used to assist in exposure. A complete single-or two-level anterior discectomy was performed. When two-level segmental disc replacement was required, the most distal segment was treated first to completion and the more proximallevel discectomy was then performed.
When indicated, the posterior longitudinal ligament was released to allow for excision of extruded disc material and/ or to determine the appropriate intervertebral disc height. Only the cartilaginous portion of the vertebral endplate was removed. Preparation of the endplates was performed using standard and ring curettes and endplate elevators. A burr was used only when endplate leveling could not be achieved with appropriate curettes.
Lateral fluoroscopically assisted trialing was performed to determine appropriate size with regard to height and AP diameter. Adequate central/midline location of the prosthesis was confirmed using AP fluoroscopy prior to making keel cuts. After the midline was determined, keel cuts were made using the keel cutting chisel guided over the prosthesis trial. The chisel and trial piece were then removed and the appropriate-sized final prosthetic endplates were inserted to an adequate depth under lateral fluoroscopic guidance. The endplates were then distracted and the polyethylene implant was inserted. Following this, AP and lateral fluoroscopy were performed to confirm the appropriate positioning and size of the implant. No other procedures were preformed at that time of the index procedure.
Postoperatively, a soft cervical collar was worn for 4 weeks, and patients were allowed to move in these collars as tolerated. After these initial 4 weeks, the soft collar therapy was discontinued, and patients were allowed to engage in normal activities of daily living including driving. After 6 weeks, patients were allowed to return to all normal activities except contact sports on a permanent basis. Postoperative oral pain medications were administered as needed. In the first 8 weeks antiinflammatory medication therapy was not advised. Instead, either narcotic agents or other medications such as tramadol were given.
Outcome Measures
Patients were assessed preoperatively and postoperatively at 3 and 6 weeks and at 3, 6, and 12 months. Preoperative and postoperative disability and pain levels were assessed using the ODI 31 
Radiographic Assessment
Preoperative and postoperative radiographs, including AP, lateral, flexion-extension, and lateral bending films, were obtained in all patients (Fig. 2 upper left and right and center left and right). Intervertebral disc heights of affected and adjacent levels, angular intervertebral disc motion, and subsidence were measured using digitized images and appropriate computer software (Medimage Software; Vepro Computersysteme GmbH, Pfungstadl, Germany). Measurements were performed by a single reviewer three times and a mean score was determined for angle and length measurements. Angular and length measurements were performed. Two separate reviewers (an attending spine surgeon not involved in the surgery and an attending radiologist) assessed all pertinent radiographs for device-related loosening, dislodgment, and/or subsidence.
Statistical Analysis
To assess changes over time, mixed-model analysis was conducted for the continuous variables (ODI, VAS, ROM, neck pain intensity, neck pain frequency, leg pain intensity, leg pain frequency values), and GEEs were conducted for patient satisfaction. Mixed-effects models and GEEs are advantageous because they use all available data obtained in all participants (rather than dropping those for whom data are missing or imputing missing values). In addition, they incorporate serial correlations among observations over time, which results in less bias than that achieved by traditional repeated-measures analysis of variance models that assume that repeated measures are equally correlated over time and have constant variance. Three research questions were of primary interest for this study: 1) whether there was a significant change from presurgery to 3 weeks postsurgery (proximal effect); 2) whether that change was sustained 1 year postoperatively (distal effect); and 3), finally, whether there was continued change from 3 weeks to 1 year postsurgery. Therefore, the following three planned contrasts were conducted within the mixed-effects models and GEE analyses: 1) comparing presurgery with 3 weeks postsurgery scores; 2) comparing presurgery with 12 months postsurgery scores; and 3) comparing 3 weeks with 12 months postsurgery scores. Preoperative patient satisfaction scores were not obtained. Therefore, the overall time effect was used to assess if there were overall changes from the 3 weeks to the 12 months after surgery.
Results

Demographic Data
The demographic results are summarized in Tables 1  and 2 . Follow-up criteria were fulfilled in all patients in the study. The median follow-up period was 12.7 months (range 12-14 months). There were eight men and eight women. The overall median age was 50.5 years. The overall median duration of preoperative pain was 50 months (range 6 weeks-400 months). Surgery was performed at C5-6 in seven patients, C6-7 in six, and C4-5 in three.
Two patients (12.5%) had undergone prior anterior cervical disc surgery, in both of whom the Bryan disc had been placed and who experienced adjacent-level degenerative disc changes. One patient presented 2.5 years and the other 2 years after application of the Bryan disc (Medtronic Sofamor Danek, Memphic, TN). Four of our patients suffered axial neck pain alone and 12 patients experienced both neck and radicular or myelopathic symptoms. Nineteen percent of patients were smokers.
Clinical Outcomes
Clinical outcomes are summarized in Fig. 3 upper and center. Results of the planned contrasts involving the mixed-effects models showed significant decrease in ODI scores from 25% preoperatively to 15% at the 3-week follow up (F = 8.45, p Ͻ 0.005). This clinical improvement (16.5%) was sustained at 1 year (F = 5.31, p Ͻ 0.05); however, there was no significant increase from the 3-week to 1-year scores (F = 0.16, p = 0.69), indicating that the decreased ODI score occurred primarily by 3 weeks after surgery. Similarly, mean preoperative VAS scores (7.7) showed significant decreases compared with the 3-week follow-up score (2.3) (F = 27.75, p Ͻ 0.001). That change (4.4) was sustained at 1 year after surgery (F = 9.81, p Ͻ 0.005); however, there was no significant increase between 3-week and 1-year follow-up scores (F = 3.03, p = 0.09).
Preoperative ROM did not significantly change compared with that demonstrated 3 weeks after surgery (F = 0.066, p = 0.42), but a delayed change was evident between preoperative ROM and 1-year follow-up status (F = 5.50, p Ͻ 0.001). A significant change occurred between 3-week and 1-year ROM values (F = 18.71, p Ͻ 0.001).
Preoperative neck pain intensity and frequency significantly decreased when preoperative 3-week follow-up values were compared (both p Ͻ 0.001), and this change was sustained at the 1-year follow-up examination (both p Ͻ 0.005; Table 3 ). Although there was there was a slight increase in neck pain intensity and frequency between 3-week and 1-year follow-up values (both p Ͻ 0.05 compared with preoperative values), there was no significant increase in neck pain intensity and frequency when comparing 3-week and 1-year follow-up values (p = 0.36 and 0.38, respectively). Therefore, neck pain significantly decreased initially and then slightly increased from 3 weeks to 1 year after surgery, but it remained significantly lower than the preoperative level. There were significant decreases in arm pain intensity and frequency when comparing preoperative and 3-week follow-up values (both p Ͻ 0.001), and this change was sustained at the 1 year follow-up examination (both p Ͻ 0.005).
In terms of subjective outcomes, patients were satisfied (21.4%) or completely satisfied (78.6%) at the 3-week and satisfied (36.4%) or completely satisfied (63.6%) at the 1-year follow-up examination (Table 4) . No patients reported being unsatisfied at any time during the follow-up period. According to GEE analyses, there was no significant change in patient satisfaction from the 3-week to 1-year follow up ( 2 = 0.92, p = 0.34). Medication usage including nonsteroidal antiinflammatory drugs, narcotic agents, and morphine derivatives (tramadol) was decreased significantly after surgery (Table 5) . Because of the small number of patients, statistical differences between those who had undergone prior cervical surgery and those who had not undergone prior surgery could not be performed; however, outcomes scores improved the least in the two patients who had undergone prior surgery.
Radiographic Assessment
The median preoperative height of the affected disc was 3 mm, and the mean postoperative height was 8 mm (p Ͻ 0.001). Motion of the affected discs was increased from 4p reoperatively to 12˚ postoperatively (p Ͻ 0.004; Fig. 3  lower) . The heights of the adjacent-level discs were not significantly changed. There were no cases of subsidence, loosening, dislocation, or failure of metallic or polyethylene components. Lastly, we observed no spontaneous fusions at the affected or the adjacent levels.
Intraoperative Complications
Device-Related Complications. We observed no devicerelated complications. Loosening, subsidence, and migration of the implant as well as metallic or polyethylene failure, allergic rejection/reaction, visceral or neurological injuries caused by the implant components, and/or infection were absent.
Approach-Related Complications. Approach-related complications such as intraoperative fractures, hematomas, dural tears/leaks, postoperative airway compromise, esophageal or tracheal disruption, laryngeal nerve injury, and/or sympathetic nerve dysfunction were also not observed.
Autofusion/Ectopic Bone Formation. We observed no spontaneous fusions at the affected or adjacent levels.
Discussion
Although the initial clinical application of intervertebral disc arthroplasty is often credited to Fernstrom, 32 the first published report involving application of the Fernstrom device was reported in 1964 by Reitz and Joubert 52 who performed 75 cervical disc arthroplasties in patients with intractable headache and cervicobrachialgia. The patients were followed for less than 1 year and no long-term data were provided. There were no reported neurological complications or implant subluxations and the group reported preservation of the motion at the involved levels.
In 1966 Fernstrom 32 reported on an endoprosthesis composed of a stainless steel ball designed to be inserted into the disc center following laminectomy. Although this prosthesis was primarily designed for the lumbar spine, several were inserted into the cervical spine. Thirteen cervical disc prostheses were implanted in eight patients. These prostheses were 6 to 11 mm in diameter, or 1 mm greater than the transdiscal diameter. The cervical discs were removed via an anterior approach and the prostheses were placed following discectomy. Fernstrom's report contained data that had been collected for no more than 12 months, and all outcomes were satisfactory. Concerns regarding hypermobility and migration of the ball into the cancellous bone of the vertebrae, however, caused the technique to be abandoned.
Cervical arthroplasty was also reported by several other authors. Stefee 56 reported on one patient in whom he had placed two cervical prostheses of his design. The construct was a three-level device with prostheses at the end of an autograft strut at the disc level. The placement of methylmethacrylate cement in the cervical spine after anterior cervical discectomy was reported in 1985 by Ale- mo-Hammad. 3 The technique involved the drilling or curettage of two cavities in the upper and lower vertebral surface and cautious placement of acrylic. Five patients were followed for 24 to 36 months, and the author did not comment on preservation of motion at the treated level.
Other authors have described the use of acrylic within hollowed spaces of adjacent vertebral surfaces to create a concave mass allowing segmental motion, but no results have been published.
In 1998 Cummins, et al., 24 reported pain relief in six of 20 patients in whom the Cummins artificial cervical joint, consisting of a moveable stainless steel ball-and-socket joint was implanted. The authors noted biomechanical stability and the lack of wear-related debris at follow-up examination. Because the screws were inserted in the vertebral bodies, the device could not be used at multiple levels. The Cummins prosthesis was adapted to allow improved motion.
In 2003, Wigfield, et al., [60] [61] [62] published results derived from a 2-year pilot study involving 15 patients with a history of cervical radiculopathy or myelopathy and confirmed disc herniation. All patients underwent decompressive surgery via an anterior approach as well as single-level replacement with the modified Cummins prosthesis (presently called the Bristol or Prestige prosthesis [Medtronic Sofamor Danek]) and were followed for 24 months. The device was stable in 15 of 16 patients, and motion was preserved in all but one case. Arm pain was improved in 46%, neck pain in 45%, and neck disability index was improved in 31% of patients.
Goffin, et al., 37, 38 published their results after implantation of the Bryan Cervical Prosthesis in patients with single-level degenerative disc disease. This prosthesis consists of a polyurethane nucleus within two titanium-alloy shells. The device was inserted into 146 patients. Examination of intermediate follow-up data for cases involving single-level treatment indicated excellent and good results in 78% at 1 year and 69% at 2 years. In two-level cases, excellent and good results at 1 year were reported in 79% of patients. At 2 years 93% of patients exhibited flexion-extension motion at the treated levels of greater than or equal to 2˚. The presence of lateral ectopic bone formation was noted but not elaborated on because of the preliminary status of the data.
Although long-term prospective and randomized studies will be necessary to provide optimal Level 1 clinical data to determine the advantages and disadvantages of either fusion or arthroplasty, our intermediate results involving the ProDisc-C device are very encouraging and represent statistically significant improvements in clinical and radiographic parameters. Of note, we did observe a slight statistical trend toward higher VAS and ODI scores at our follow-up interval and we will closely follow this trend in longer-term follow-up studies.
The specific advantages of the ProDisc-C device and its application technique include the absence of anterior platelike fixation hardware, preservation of osseous endplates, immediate keel fixation stability, and the possibility of multilevel application. Biomechanically, the ProDisc-C implant is considered to represent a ball-and-socket/semiconstrained design with a fixed axis of rotation (Fig. 4) . The surgical technique is relatively atraumatic because of the limited exposure required for the locked-pin intervertebral distractor and the use of a table-based circular self-retaining soft-tissue retractor system. The keel cutting chisel can be safely used with this pin distractor/stabilizer in addition to a safety block mechanism (Fig. 5) . Whether this semiconstrained device will afford a more optimal balance between motion preservation, ease and consistency of implantation, and neurological fitness has yet to be defined; however, we have noted no spontaneous autofusions or ectopic bone formation in our cases, and we have observed no approach-or device-related complications. Lastly, according to the manufacturer (Synthes Spine) in multiaxis simulator testing, the polyethylene wear rate for ProDisc-C was 40-to 50-fold less than the typical wear rate shown for hip and knee prostheses.
In our series, neck pain intensity and frequency showed a nonstatistically significant increase between 3 weeks and 1 year. We will closely monitor the clinical neck pain outcomes during the next several years. Of special interest in our clinical series was the presence of two patients who had undergone prior Bryan disc cervical arthroplasty and in whom there was recurrent adjacent-level disease. Magnetic resonance imaging revealed no evidence of any significant spondylotic changes at these adjacent levels to indicate preexisting changes in the discs. Whether these subsequent changes are a result of the arthroplasty technique or the natural history of the disease process, as discussed thoroughly by Hilibrand, et al., 46 will be an ongoing topic of investigation and research.
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